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l’hc Ground/Orbiter Lasercomm  Demonstration (GOI,D)  is an optical communications demonstration
bctwccn the Japanese Engineering I’est Satcllite @3’S-V1)-and an optical ground transmitting and receiving
station at the Table Mountain Facility in Wrightwood  California. Laser transmissions to the satellite are
performed approximately four hours every third night when the satellite is at apogee above Table
Mountain. I’he experiment required the coordination of resources at CR1., JPL, NASDA’S  Tsukuba
tracking station and NASA’s Deep Space Network at Goldstone, CA to generate and transmit real-time
commands and receive telemetry from the H-S-VI. Transmissions to the F,’fS-V] began in November
1995 and are scheduled to last into the middle of January 1996 when the satellite is expected to be eclipsed
by the I;arth’s  shadow for a major part of its orbit. I’he eclipse is expected to last for about two months,
and during this period there will be limited electrical power available on board the satellite. NASDA  plans
to restrict experiments with the ETS-VI  satellite during this period, ancl no laser tramsrnissiorls  are planned.
Post-eclipse experiments are currently being negotiated. GO1 D is a joint NASA-CRI, (Communications
Research I,aboratory)  experiment that is being conducted by JP1, in coordination with CRI ~ and NASDA.
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1. IN”I”ROI)UCI’ION

‘1’hc Grcwnd/Orbiter 1,asercomm  Demonstration (GOIIJ) is a joint NASA/Cl{l, (Con] munications Research labomtc-q  Y
optical communications experiment to evaluate l-way and 2-way optical communications under a ran~e of atmospheric
conditions and to demonstrate optical rang,ing, “l’he expcrinlent’s objectives are elaborated below.

Objectives
● I)cmonstrate 2-way spatial acquisition/tracking of laser beams with a spacecraft
● Accomplish 1 -way and 2-way optical data transfer to a spacecraft and measure bit error rates
● Valirlatc optical communications link performance prediction, tools

● Accumulate 10 e]apscd hours of transmissionh-eception cxpmience
● Compare downlink  atmospheric transmission Iosscs with sinlilar  data from the Table Mountain Facility’s (’l Mf )

Atmospheric Visibility Monitoring (AVM) observatory
● l)ernonstrate optical ranging to 1 O-m accuracy

GOI1) experiments usecl  [be 0.6-n~ and 1.2-m telescopes Iocatcd  at NASA’s ‘l’MI: to communicate with the Japancw
}ng,irleering ‘lest Satellite (EI’S-V1).  The experiment concept is depicted in figure 1.1. An Argon Ion laser coupled to fie
0.6 rnetcr telescope trarlsrnits a 1.024 Mbps Manchester-coded PN sequence to the spacecraft. “1’he [IS-VI in turn uses its
Al(iaAs laser to transmit a similar PN sequence to the. 1.2-n~  ground receiver located approximately 60-m fron] ‘Ae
transmitter site.

“J’hc I; ’l’S-V{ was launched into orbit on August 28, 1994. Originally intended to be in a gee-stationary orbit above Jap.m.
difiicu It y with one of its motors resulted in the satellite now being in a gco-transfer orbit. lo make maximum use of tie
spacecraft’s subsystems in its current orbit researchers at the Communications Research I.aboratory  encouraged both NAS.A
and IXA experimenters to usc the optical communicant ions subsystcm on board the I;”I’S-VI.  In response to this. NASDA
relined the satellite’s orbit to facilitate the use of the laser  CcJl]~rrltir~icatio]~s Equipment (1 ,CE) by experimenters at JPI..



Yet, because the satellite’s elliptical orbit takes the satellite tltrough the Van Allen belts its power generation capabilities
continued to degrade and its expected life reduced. Between n~id-January  and rrlid-March  1996 the satellite goes into a two-
mcmth-long  eclipse. As of this writing, NASI)A  has continued to monitor the power generation capabilities of the satellite
ancl has not yet made any commitments on post-eclipse experiments.

1.2-m

830 nm downllnk

514,5 nm uplhk

J’igure 1,1.1: Conceptual drawing of GC)l,D. I’ransmitter  at ‘1’MF uplinks 514.5 nrn communications signal to ETS-
VI spacecraft. Satellite downIinks  830 nm 1 Mbps signal,

“[’his paper describes the work on GOI,I) part 1. I’he trarwnitter  and receiver stations, the satellite predict generation
process, and data link between I’MI’, NASDA and the CKI,  arc discussed in Section 2. In Section 3 we describe the
mociitications to the satellite’s trajectory that were made by the CR1, team to enable the satellite to detect the uplink from
and to retransmit an optical signal to I’MF’. Theoretical predictions and experiment results are presented in Section 4, and
Conclusions and Acknowledgments are in Sections 5 and 6, respectively.

2. TIIK GOLD GROUND STATIONS

2,1.1 I’hr I’ransmittcr

‘1’he transmitter consisted of an Argon-ion laser coupled to the 0.6-m telescope at I’Ml’. The telescope is located in
building I’M- 12 al ‘1’MF,  and its surveyed position is:

[,ongitudc 117°40’ 52.55”
Latitude 34°22’ 53.49”
Altitude 2.286 km (7498.3’)

‘1’hc telescope was operated in the coudc mode that allowed light to be coupled in to it from large high power lasers. lhe
uplink  laser was a prism tuned Coherent Innova- 100 Ar-lon that delivered a rnaxirnum of 14. S Watts linearly polarizer laser
light  output power at S 14.S nrn. Ilecause the laser output was sl)atially  multimode at maximum power, it was operated
below rnaximurn ( typically 13 Watts) to achieve good beam quality. Coalignment of the laser beam with the telesco~~
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axis was achieved by adjusting the position of the telescope’s secondary mirror until the focus was brought to a position on
the optical bench. At this setting the telescope’s focal ratio was f/41 , i.e., a focal length of 26.4 -m.

A schematic of the optical train is shown in figure 2.1.1.1. An electro-optic  modulator was used to impress the uplink data
stream on the optical carrier. The modulator consisted of four KD*P crystals and a polarizer. A data fornlat[er - a Firebird
6000 bit error rate tester (13 ERT)-  generated a O to 1 volt rnodrrlation pattern that was amplified to the modulator’s half-
wave voltage and applied to the crystals.

After modulation, the bean) was incident on a concave/convex lens pair that set the beam divergence out of the telescope.
I’his  normally ranged from 20 urad to 40 urad. To n~itig,ate the effects of atn}ospheric scintillation on the uplink  beacon,
the output bcarn was split into two equal parts using a bcan~-splitter. One beam was sent through a 25 crn optical delay
line; a path Ienglh difference greater than the laser’s 10 cnl coherence length, Doth bcarns were reflected from a high power
dichroic bcan~-splitter and were brought to a focus at the iris located at the f/41 focus of the telescope. From there the
bcan]s diverged and were reflected by the third coude flat and into the telescope. I’he beams were arranged to be incident on
opposite sides of the 0.6-n] telescope’s primary mirror, a distance greater than the size of an atn~osphcric  coherence cell.

Beam lo 0.6-m Telescope
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hernatic of optical train for ‘301.1>  expcrinlent shows laser, the rnoctt ator, and the optical
be~rn delay system used to provide “temporal and spatial dive&ity of the optical bean]s transtnitted to the sat~llite.
A I so shown are the detector used to monitor the modulated wave form anti the CCI> carncra used to image the
satellite.

“[’he CCIJ imaging canw-a was a I’ulnix camera with irnagc in[cnsifiet  that enabled detection down to 10“6 lux. _l’his
camera enabled us to track the satellite around apogee where, depending on the phase angle of the solar panels, its
bri@tncss varied fron~ that of a rnagnitudc 12 to a nlagllitUde 14 star. I’he avalanche photodiode (API)) transmitter detector
monitored the rnoduiation of the transmitted signal.

2.1.2, l’hc Receiver

q’hc rcccivc.r consisted of an optical detection package that weighed approximately 30 kg and a 1.2-nl (f/29.5) telescope.
7’I)c detection package was mounted to the telescope’s bent Casscgrain focus, and consisted of two CCD cameras and a 3-
rnrn dianleter low-noise APD. See Figure 2.1.2,1. The cameras were a wide-field Cohu with image intensifier for satellite
acquisition and tracking, and a Spectra Source CCD for making atmospheric seeing rneasurenlents.  I’hc  detectors were
coalip,ned on a rigid optical bench asscrnbly to ensure that the downlink transn~ission  rernaincd incident on both the
tracking and conununications detectors as the telescope tracked the satellite across the sky.
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Satellite acquisition at the receiver station was accomplished using-a series of steps. It began with calibrating the pointing
direction of the narrow field-of view 1.2-m telescope with that of a wide field 0.4-m guiding telescope attached to the 1.2-
m telescope’s frame. Coal ignment  was accomplished by first acquiring a bright star in the guiding telescope and then
adjusting the tclescopc  pointing direction until the star was observed in the 1.2-m telescope. The tclcscopc  was then moved
to a star (not always a bright star) in the vicinity of the satellite - the blind point accuracy of the telescope depended on
separation between the calibration star and the satellite positions- and the pointing offsets noted for calibration. Near
apogee, the satellite brightness ranged from 12 to 14th ma~,nitude.  Flecause of the large dynamic range between the
calibration stars 3rd to 5th magnitude and the satellite, a # 2 optical density filter was placed in an electronically-switched
filter holder located in front of the tracking camera. The filter is placed in the optical bcarn during the calibration and is
switcl}cd out for satellite acquisition.
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l’igure 2.1.2.1: Schematic of optical receiver located at focus clf 1,2-m tclescopc. CCIX detectors in the optical train
track the satellite and measure atmospheric seeing. q’he API)  detects the 1.024 Mbps optical downlink data stream.

Atmospheric seeing measurements provided essential data for evaluating the optical link pcrforrnancc. I’heoretical models
that incorporated scintillation effects into the link performance were compared with experimental. ~’he seeing data ~vere
taken at 15 minute intervals to provide an accurate corrclat ion between the atmospheric seeing and the observed uplink
scintillation.

I>ownlink  data recovery electronics started with the API) amplifier and signal conditioner. ‘I’he satellite downlink data
sequence was in onc of three formats: 1.024 Mbps PN, real-tirnc telemetry at 128 kbps with each bit repeated 8 times to
produce a 1.024 Mbps data rate, and regenerated uplink  square wave at 1 Mllz, All data streams with the exception of the
square wave modulation were Manchester coded. The amplitlccl APD  Olltpllt  was processed to provide both an analog and a
digital output of the down] inked data stream. I’hc  digital output was bit-synchronized and stored on a clata recorder for
future processing, I’hc  analog data were displayed on a digital storage oscilloscope and segn~cnts  stored on disk, A
schematic of the receiver electronics is shown in Figure  2.1.2.2, and a segment of the PN down linkec[ analog data stream is
shown in figure 2.1.2.3.

2.2 Satellite J’rcdicts ~

‘]’hc satellite predicts for the TMF telescopes were generated from a satellite osculating element set that was faxed to JPL
from NASDA’S  Tsukuba  Tracking Facility. Ephemeris files were generated at Jf]l, for the transmit tet and recei\  er
telescopes, separately with otTsets to account for the point-ahead angle. I’hc  files were electronically transmitted to 3’MF
and were loaded into the telescope control program (TCP). ‘1’he ‘1’CP used a spline fitting routine to interpolate between the
epchmerides to generate a “smooth” telescope pointing file to track the EfS-V1  satellite.
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l’igure  2..1.2? .3: Sample of 1.024 Mbps Manchester-coded PN sequence downlink
random bit flips, A few of these are indicated by arrows.

2.3 -I)ata l i n k s

w
48 52

data-stream from l,CE: showing

GOI,D  required the simultaneous real-time coordination of cxpcrimcnters  at the National Aeronautics and Space
Ikvclopment Agency (NASI>A),  at CRl,,  and the Ilecp Space h’etwork (IX3N) to accomplish the laser transmission from
l’Ml;. -l’hecon~n~a ndandda taflowdiagranlis  shown in Figure 2.3.1. In addition, prior to the installation of the aircrdf]

avoidance radar, the Fe{icral Aviation Administration’s (l; AA) Air Trafllc  Control Center in Palrndale provided aircratl
avoidance assistance.

Corr~nlarlds  tocorltrol tllcsatellite's attittlde  during the experiment were generated at NASDA.  CRI,  generated commands
to control the I,CI: rtncl sent these to NASI>A.  Both sets of commands were transmitted from NAS[)A  to the 34-n~  1) SS-27
antcnrla at Goldstcmewh  ichthenre laycdthertl tothesatel]ite.

~’he data link between CR],, JPL and TMF  provided near-real-time feedback on the ntcasured  on-board laser
conln~unicatio  nscquiprnent sensors to the experimenters at I’MI’. The delay between the spacecratl  transmission and the
‘I’MJ: reception wasapproxin~ately  fifteens econds.  Spacecmfl  Attitude Control System (ACS)  data was transmitted along
with LC[;  data via S-band telemetry to 1> SS-27. The I>SN transmitted these data to the NASI)A  Space Center at Tsukuba
where they were demodulated, NASDA then transmitted the 11~[~  data to CRI,  for processing. CRI,  in turn transmitted an
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ASCII data stream consisting of time, CCD level, QD level, spacecraft laser diode bias current, and coarse and fine tracking
sensor errors via ISDN link to JPL. Decause there are no ISDN (Integrated Services Digital Network) links to Wrightwood,
a 56 kbps  telephone link was used to transmit the data from JPI, to I’MF.
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Figure 2.3.1: Real time coordination of several organizations is needed to accomplish the GOI,I> cxperirnent,  NASDA
transfers commands to the DSN which uplinks them to the Iil’S-VI. ‘l’he spacecraft attitude and ICE; sensor status are
down linked via S-band telwnetry  to Goldstone.  The telemctly  is demodulated by NASI)A  and forwarded to CRi,  for
processing. IWring  the optical up]ink  CR1,  transmits ICE set)sor data to JP1 and TMf’,

3. LETS-VI ~’RAJECTORY  MODIF1CATIONS FOR C; OI,])

Ilccausc the IYI’S-V1 was developed as a gco-stationary  satellite, the 1,CI{  was designed with the pointinghracking
capabilities to support optical communications experiments from its location above Japan. ‘1’he liquid apogee cn$ine
problem required that the operations scenario bc revised tc) enable the satellite to suppori optical communications
experiments. ‘i’he sate] lite was transferred into a 3-day sub-rccLlrrerlt  orbit in November 1994, thereby enablirrg
con~munication experiments to be performed from stations around the world. Figure 3.1.1 shows a three days prediction of
the satellite’s ground track from November 26, 1995. l’hc  fi~,urc  also shows the section of the orbit where a combination of
real-time satellite attitude control and LCE pointing (its pointirlg  arlglc limited to i 1 degree around its boresight  direction)
could allow an optical link between the satellite and l’Ml~,

“1’hc angular pointing offsets between the 13 TS-VI  and the 7’M 1; ground station were larger than those designed for a geo-
stationary satellite link to l’okyo. To effect the laser cornrnunicatiorls  experiments, NASDA had to re-program the onboard
atiitude control system (ACS)  software to dynamically control the satellite’s attitude bias. The satellite bias, however, was
limited to the i 2 degrees in roll and pitch that the }~ar~h-sensor’s field-of-view allowed. I’be larger pointing offict between
the satellite and l’Mf compared to the offsets for the ~’okyo experiments meant that a series of experirne.nts  needed to lx
performed with the I’MI; station to calibrate the ACS and ICI; biases for acquiring TMF.
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Figure 3.1.1: E’I’S-V1  ground track showing the section (darkened area) where combined 1.CI: and satellite ACS
satellite pointing capabilities could support an optical communications experiment from I’MI:. l-he track cov~%
November 26-29, 1995. The markers are one hour time spans

Figure 3.2 shows that the satellite pointing angle for ‘1’MF exceeded the limit of satellite attitude biasing control: rhI<
attitude bias angle needed to be greater than 2.5 degrees in order to point to the I’MF ground station. The required poi~[ing
angle bias for GOI,I)  was achieved by using the bias pointing capabilities of both the ACS and l, Cl; as follows: one part
was dynamically controlled by the ACS with a magnitude less than 2.0 degrees, and another was a fixed  part shared b! th,e
l,CE’S pointing angle with its magnitude of 1.0 degree. As the figure shows, this approach allowed for approximzteiy
three hours of experiments from TMF. }Iowever, this window continued to decrease with time as the satellite’s rrbit
configuration drifted. l’his is shown in Table 3.1, where based or) the satellite’s orbital configuration on Octoba  3. 1995.
the predicted duration of the satellite pass above the l’Ml: ground station decreased by 26 minutes over the 18 p~$s~<
between October 3 and November 23.

lo maximize the pass duration from I’MI: while maintaining a virrble experiment from CRI.,  NASDA  and CRI. evalutwl
the effect of shifting the satellite’s turn-around longitude (see figure 3.1) on the experiment duration from the two grcvrrci
stations. l’he results are shown in Table 3.2 for several different orientations of the satellite’s turn-around longitude. 1 he
table clearly shows that the pass duration above I’Ml: continuously increases as the tracking azimuth argle  at the turn-
around point from CR], is increased from 150 degrees to 164 degrees. Ilowever,  as the turn-around azimuth e~ceeds  16(I
clegrees, the duration of the pass above CR1, decreases rapidly. }lased on these results the CRI,  and NASI)A  in~plemc~~cd
satellite orbit maneuvers that increased the satellite turn-around longitude to 160 degrees, These maneuvers were exoutecl
on November 25, 1995 and December 12, 1995, and they increased the passes at TMF’ by approximately one hour v.hii,~
maintaining the duration of the CR1,  pass.
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Figure 3.2: Plot of control region of combined  ACS and 1,CF gimbal  for November 26, 1995 pass over I’\fF-.  afir
the first orbit manetlver.  Markers are separated by one hotlr, and trace shows (wit}lin the [,CE gimba] + ACS ~)
approximately a five hour expcrimet]t  window .

~’ab]c 3,1. Pass prediction from ‘l’Mf: based on 150 degree turn-around longitude on October 3, 1995

Start Tinle  (U-J’)
1 995/1 0/03 Ilnd ‘lime (UI)

13:21 Duration. IIOUTS

I 99s/1 0704 16:54 —
1995/1 0/06 13:11

3:33
1 995/1 0/07 16:43

1 995/1 0/09 13:01
3:;2

1 995/ 1070 16:31
1995/10/12 12:52

3:30
1 995/1%3

1995/10/15
16:21 3;~9

12:42 1995/1%6 16:09
1995/10/18 12:32

—._ 3:17
1995/10/19

I 995/1 0/21
15:58 ~:~

12:23
-— 6

1995/10/?2 15:47 7.74
1995/1 0/24 12:13 1995/10/2s

..-
15:36

1995/1 0/27 12:03
~:~~

1995/10/28 15:24
1995/10/30 11:54

—.. — 3:?
1 995/1 0/3]

l—
15:14

I 995/1 1/02 11:44 1995/1 1/03
3:20

1 995/1 1/05 11:34
15:02 3:18

1 995/1 im5 14:50
199S/1 1/08 11:25 199 S/1 1/08

3:16

1995/11/11 11:15
— .._ 14:40 3:15

1995/1 1/1 1
]995/] ]/]4 11:05

14:28 3:13
1995/1 1/14 14:17 3:121995/11/17 10:56 1995/11/17 14:06

1 995/1 1/20 10:46
3:10

1 995/1 1/20
1995/1 1/23 10:36

13:55
1 995/1 ily~

3:09
13:43 3:07



Table 3.2. Pass prediction of IT1’S-V1 from I’MF and CM, cxpcrirncntal  site

3’urn-around I,ongitude, degrees 150 152 158 160 162 164 152 158 160 162 164

4. ItXPE1/lMItNT  f{ltSIJLTS ANI) l)ATA ANALYSIS

l’here were twenty-six satel Iitc passes over I’MF (a satellite transmission pass was scheduled every third day) during the
period October 30, 1995 to January 13, 1996. The passes were initially about 3 hours in duration; this was increased to
about 5 hours after the November 25 satellite maneuver. Experiments on ‘1’hanksgiving, Christmas and Ncw Years holida}s
were canceled to allow team rnernbcrs to be with their families. Approximately five of the passes were canceled due to
weather, an additional one for a telescope scheduling conflict, and two more for unavoidable equipment anornalics. I’he
first two operational passes were used to shake out the ground telescope systems and to learn how to coordinate rernotcly
with the CR], satellite controllers. No signal detections were observed on those nights. On the 13 remaining passes, both
uplink  and downlink  signal detections were accomplished.

LJplink signal detection was confirmed by monitoring the voltage }cvels on t}lc spacecraft optical communication terminal’s
CCI) and Ql) tracking detectors. Telemetry readings of these voltage levels were radio-transmitted to the ground, processed
by Cf<l and transmitted over communications lines to ‘l’able Mountain. These data were sampled at intervals of one second
and the latency of the data upon arrival at TMF was about 15 seconcls.  During the operational periods, detailed logs were
kept of the uplink  transmitter site’s configurations, conditicms ancl any observed characteristics. “1’hesc  logs were later
overlaid onto the data records to correlate status changes in the equipment with changes in the recorded uplink  data signals.

I’igurc  4.1 shows such an overlay onto data collected on the January 4, 1996 pass. l’he bottom trace shows the (n~aximum
output) level from the spacecraft’s coarse-point ing-gimbal’s  CC1)  array tracker. 1 ‘hc top trace shows the output voltage of
the spacecraft fine-pointing-loop’s QIJ. I“hc fluctuatiorrs of these signals are due to a combination of things, most
importantly the uplink  atmospheric turbulence, but also signal level variations due to up]ink  beam pointing and spacecraft
pointing errors. I’hcsc data were sampled once per second and cover a span of about 1 hour and 40 minutes. The drop-out
toward the right of the top segment is believed to be the result of a temporary bias build-up in the satellite pointing
ephemeris predicts at the transmitter. T’hc QD signal shows consistent limiting at the 4.3 volt saturation Icvel. ‘l’he CCD
signal shows less-frequent transitions to its 5.2 volt saturation level. These data are being analyzed to determine the
system’s responses to the transmitted signal configurations.
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]:igurc  4.1: An annotated section of QD (top) and CCD (bottom) uplink  signal levels for the January 4, 1996
satellite pass over I’MF. Polarization sensitivity measurements and reacquisition of the uplink  beam by the satellite
afler the transmitter telescope scan indicates that the satellite predicts were not very accurate for this pass. The uplink
laser’s beam divergence was 40 rnicroradians,  I“hc annotation on the figure also shows the time at which the satellite
mode was changed from PN to the regeneration or “RX “ mode.

llcfore the operational passes of the program began in November 1995, we analyzed the expected uplink  c.ornrnunications
channel, consisting of the transrnittin.g station parameters, the atmospheric and space propagation of the beam from the
ground to the spacecraft at 40,000 km, and the spacecmfl  receiver parameters. This analysis led to a set of a-priori
performance predicts for the signal strength at the spacecratl. I’o reduce the effects of uplink turbulence, we used a dual
uplink  beam approach where half of the power was placed into each of two spatially separated uplink  beams. The beams
combined in the far field to produce a full-power signal, but since the beams were in independent turbulence regions of the
uplink tclcscopc,  there was averaging of the turbulence effects. The improvement due to this multi-beam averaging was
included in the analysis.

l;i.gure 4.2 shows a 100 minute segment of data collected from ttle spacecraft’s QD on the morning of November 17. These
data were fit to an appropriately-scaled log-normal distribution and the resulting distribution was compared with the
thcoretica]ly  estimated distribution generated a-priori. The results of this comparison are shown in Figure 4.3. I’hc dotted
curve shows the predicted log-normal distribution for a single beam uplirrk  whereas the solid line shows the corresponding
distribution for the dual-bcarn  up]ink.  I’hese curves clearly show the expected irnprovemerrt  due to the two-beam approach,
‘1’he clas}led curve is the log-normal distribution fitted to the experimental data taken on November 17. The comparison
shows that the predicted distribution and the experimental one are extremely close. I’he difference in the distribution
means is Icss than 1.6 d13.

I)ctcction  of the down link laser signal was also achieved on each of the 13 experimental nights at the 1.2 meter diarne[er
receiving telcscopc. Iletection  was first confirmed by means of a video camera attached to the telescope’s 0.4-n~ guide
telcscopc. l~ata from this camera was videotaped during the passes. IJownlirrk  signals collected by the full 1.2-n~cter

aperture were also dctcctcd  using an avalanche photodiode detector and data from the resulting signals were recorded for
analysis, A sample of the satellite telemetry data stream is given in figures 4.4. lncludcd  in this data are the measurements
ofthc CCll, QD detector levels and IIFR measurements of the uplink.
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Figure 4.2: QD signal reading vs. time in minutes horn start of the experiment (1 0:40  UT) on November 17, 1995.
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are oompared with theFigure 4,3: Theoretically predicted probabilhy  denshy fhnctlons for one and two beam uplinks
fitted curve from the GOLD uplinkdrita,  Thetheory, which does not include the effects of uplink  pointing jitter,
apps  rmaonably  with the exptimental  data, there is a 1.6 dB difference between the means of the measured and
predicted distributions,
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5. CONCLUS1ONS

GOLD was anintemationrd  cooperative experiment thatdemonstra~dthe  first optical signal regeneration between a satellite
andan opticat  ground receiver, and the first low BER ground-to-space optical communications link to a satellite at geo-
stationary distances. The thrust of the phase-1 experiment was to measm andunderstand the performance of the 2-way
optical link under a variety of atmospheric attenuation and turbulence conditions. The data accumulated from this
experiment will enable us to improve ourthmretical  models and to better define the performance of the technology for
mission designers who are interested in optical communications for future missions. Satellite ranging using regeneration of
an upllnked  code is a time-tested approach in rf communications systems, A post-eclipse GOLD oppornmity wII1 allow us
to investigate this approach at optical frequencies.

To date, we have amassed several gigabytes  of data and video t~pes  of the optical links, along with measurements on the
uplink scintillation. These data will be processed and the findings reported in future papers.
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